We consider the effect of Compton scattering by a Thomson-thick, low-temperature, plasma cloud surrounding the compact object in the binary system Cyg X-3 on its X-ray energy and power spectra. The presence of such a cloud was earlier inferred from the energy-independent orbital modulation of the X-ray flux and the lack of high frequencies in its power spectra. Here, we consider the effect of Compton downscattering by the cloud on the X-ray spectra, concentrating on the hard spectral state. The process reduces the energy of the high-energy break/cutoff in the spectra, which allows to determine the Thomson optical depth. This, in turn, allows determining the size of the plasma from the observed cutoff in the power spectrum, which we find to be ∼ (2-3) × 10 9 cm. At this size, the cloud will be in thermal equilibrium in the photon field of the X-ray source only, which yields the plasma temperature of ≃ 3 keV. At this temperature, the Thomson optical depth implied by the X-ray spectrum is ∼ 6. The physical origin of the cloud is likely to be collision of the very strong stellar wind of the companion Wolf-Rayet star with a small accretion disc formed by the wind accretion.
INTRODUCTION
Cyg X-3 is a high-mass binary with a Wolf-Rayet companion (van Kerkwijk et al. 1996) , with an unusually short orbital period of 4.8 h, located at a distance ≃ 9 kpc in the Galactic plane (Dickey 1983; Predehl et al. 2000) . Due to the lack of a reliable mass function, it remains uncertain whether its compact object is a black hole or a neutron star. However, the presence of a black hole is strongly favoured by considering the X-ray spectra, the radio emission, and the bolometric luminosity (Szostek & Zdziarski 2008, hereafter SZ08; Szostek, Zdziarski & McCollough 2008 , hereafter SZM08, Hjalmarsdotter et al. 2008 .
Cyg X-3 is a persistent X-ray source. Its X-ray spectra have been classified into five states by SZM08, who have also quantified their correlations with the radio states. The X-ray states of Cyg X-3, in spite of showing an overall similarity to the canonical states of black hole binaries, are different from them in some respects, see, e.g., . In particular, the high-energy cutoff/break in the hard spectral state occurs in Cyg X-3 at a lower energy, ∼ 20 keV, than in other black-hole binaries, where it is at ∼ 100-200 keV. Physical models of the X-ray spectra of Cyg X-3 have recently been studied by Vilhu et al. (2003) , SZ08 and Hjalmarsdotter et al. (2008, 2009) . When the hard-state spectra were fitted by thermal Comptonization, the dominant process in ⋆ E-mail: aaz@camk.edu.pl (AAZ), rmisra@iucaa.ernet.in (RM) the hard state , the obtained electron temperature was kT h ∼ 4-8 keV, compared to kT h ∼ 50-100 keV in the usual hard state of black-hole binaries (e.g., Gierliński et al. 1997; Zdziarski et al. 1998; Wardziński et al. 2002) .
An important physical process in Cyg X-3 appears to be Compton scattering by a cold, ionized, plasma with a Thomson optical depth, τ 0 > 1, surrounding the X-ray source in Cyg X-3. The presence of such a plasma in Cyg X-3 was postulated by, e.g., Davidsen & Ostriker (1974) and Hertz, Joss & Rappaport (1978) to account for the X-ray orbital modulation. Also, Berger & van der Klis (1994) proposed the presence of such plasma based on the power spectra of Cyg X-3. That study, however, was hampered by an unresolved (at that time) instrumental effect, which prevented Berger & van der Klis (1994) from performing a more detailed study of the effect of scattering on the power spectra. Recently, the lack or weakness of X-ray variability at frequencies of f > ∼ 0.1 Hz in Cyg X-3 was confirmed by Axelsson, Larsson & Hjalmarsdotter (2009) . We note that neither Davidsen & Ostriker (1974) , Hertz et al. (1978) or Berger & van der Klis (1994) discussed effects of the scattering cloud on the X-ray spectra of the source. This effect was mentioned by Hjalmarsdotter et al. (2009) , but not taken into account in their fits due to the lack of a readily available spectral model.
The location of the Thomson-thick plasma remains unclear. van Kerkwijk et al. (1992) and van Kerkwijk (1993) estimated the Thomson optical depth of the stellar wind from the Wolf-Rayet c 2009 RAS companion measured from the compact object towards the observer to be ∼ 3. On the other hand, SZ08 found it to be < 1. Generally, as discussed by, e.g., SZ08 or van Kerkwijk et al. (1996) , the estimates of the mass-loss rate and the wind clumping in Cyg X-3 are uncertain, making these estimates relatively uncertain. On the other hand, outflows from an accretion disc around the compact object may also be optically thick, e.g., Poutanen et al. (2007) . However, such outflows are usually axially symmetric around the compact object, which would not result in the observed orbital flux modulation. Another possibility for the physical identification of the scattering cloud is a bulge formed by the stellar wind colliding with the accretion disc.
In this paper, we study in detail the effect of the presence of such plasma surrounding the X-ray source, on both the X-ray spectra (Section 2) and on the power spectra (Section 3) in the hard state. In Section 4, we present our final model reproducing the energy and power spectra of Cyg X-3 and satisfying the thermal equilibrium in the scattering cloud.
COMPTON DOWNSCATTERING BY COLD ELECTRONS OF THE X-RAY SPECTRA
We consider the average hard-state spectra 1 and 2 of SZM08 from observations by the RXTE Proportional Counter Array (PCA) and the High Energy X-Ray Transient Experiment (for the log of the observations, see Hjalmarsdotter et al. 2009 ). The advantage of choosing the hard state is that it has a usually standard form with a pronounced high-energy cutoff, and it is well modelled by thermal Comptonization (e.g., Gierliński et al. 1997; Zdziarski et al. 1998; Wardziński et al. 2002; ). On the other hand, high-energy tails in soft states exhibit a variety of spectral shapes, see, e.g., . We use the thermal Comptonization model of Poutanen & Svensson (1996) with addition of Compton reflection (Magdziarz & Zdziarski 1995 ) from an ionized medium and an Fe K line. As shown e.g., by SZ08, intrinsic X-ray absorption in Cyg X-3 is very complex, caused by the stellar wind with at least two phases. Here, we do not attempt to reproduce this complexity as it is not related to the main goal of this paper. Instead, we we simply model absorption as due to a neutral medium.
Since hard-state spectra of black-hole binaries extend well above 100 keV, we need to properly take into account the KleinNishina effects in the downscattering medium. For that purpose, we use the Monte Carlo code of Górecki & Wilczewski (1984) and Gierliński (2000) . The code has been extensively tested against other codes and solutions (White, Lightman & Zdziarski 1988; Zdziarski, Johnson & Magdziarz 1996; Zdziarski, Poutanen & Johnson 2000; Zdziarski et al. 2003) . We use a spherical geometry with the source of photons at the centre. The input photons have the X-ray spectrum as described above. The electrons have a very low temperature, kT 0 = 0.2 keV, which exact value, however, does not matter for this application.
Our results are shown in Fig. 1 . We have found that we can reproduce both of the average hard-state spectra with the Thomson optical depth of the sphere of cold electrons of τ 0 = 5. The electron temperature of the hot Comptonizing plasma around the compact object has been found to be kT h = 20 keV and 30 keV for the spectrum 1, 2, respectively. The position of the peak of the downscattered spectrum depends only very weakly on kT h , as it is roughly at m e c 2 /τ 2 0 (Sunyaev & Titarchuk 1980) . The effect of changing kT h is mostly to change the slope of the scattered spectrum after the peak, Figure 1 . Effect of Compton downscattering on X-ray spectra in Cyg X-3. The error bars show the average hard-state spectra, groups 1 and 2 of SZM08, the dashed curves show the incident spectra, and the crosses show the spectra after passage through a sphere of cold ionized electrons with the optical depth of τ 0 = 5. The incident spectra are from thermal Comptonization in a hot plasma with an electron temperature, kT h , and a Thomson optical depth, τ h , corresponding to a given value of the Compton parameter, y = 4τ h kT h /m e c 2 . In addition, Compton reflection corresponding to a solid angle of an ionized reflector of Ω/2π = 2 and an Fe K line are included, and the spectrum is absorbed by neutral matter with a column density, N H . compare Figs. 1(a) and (b). As seen in Figs. 1(a) and (c), we can reproduce rather well the high-energy part of the spectrum, > ∼ 10 keV. On the other hand, as discussed above, modelling of the part of the spectrum at < ∼ 10 keV requires taking into account complicated physical processes in the inhomogeneous stellar wind, which we do not attempt here. Lightman, Lamb & Rybicki (1981) calculated the distribution of the number of scatterings experienced by a photon emitted at the centre of an optically-thick sphere of cold electrons, given by their equation (18). Kylafis & Klimis (1987) used that result to calculate the distribution of the time spent by a photon inside the sphere, dN/dt, with certain additional approximations. In particular, they assumed that a photon scattering n times has covered the Thomson optical depth of exactly τ = n along its path, i.e., they replaced directly n by τ in equation (18) of Lightman et al. (1981) . On the other hand, the distribution of the elapsed time after n scattering is Poissonian, see, e.g., equation (6) in Illarionov et al. (1979) . We have found that for a given elapsed time, we can sum over n in the Poissonian distribution, improving the accuracy with respect to the results of Kylafis & Klimis (1987) . In particular, we have obtained,
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for τ > ∼ 0.7τ 2 0 . Here, τ is both the optical depth that a photon has travelled and the elapsed time in units of the Thomson time, τ = ctτ 0 /R, where R is the sphere radius.
We have compared these results against those from our Monte Carlo code in the spherical geometry. We have considered photon energies in the Thomson regime since power spectra measured by RXTE PCA correspond mainly to it. We note here that there is a difference between the distribution of the photon arrival time at the sphere surface and that measured by a remote observer. Apart from the constant time shift, the latter is equal to the distribution measured at a plane tangent to the sphere. In units of the Thomson time, the difference is ∆τ = τ 0 (1 − cos α), where α is the angle at which a photon leaves the sphere with respect to the radial direction. Thus, ∆τ = 0 for photons leaving the sphere radially, and τ 0 for photons tangent to the sphere surface.
Using the Monte Carlo code, we have found that the results based on Lightman et al. (1981) approximate the actual distribution only for a very large optical depth of the sphere, τ 0 > 20 or so. In particular, using equation (1) instead of the results of Kylafis & Klimis (1987) has still resulted in an improvement of the agreement with the Monte Carlo results insufficient at τ 0 = 5, as we show in Fig. 2 .
We have thus obtained a set of fitting formulae for dN/dτ for a large range of τ 0 , which full results will be presented elsewhere. If we normalize this distribution to unity, ∞ 0 (dN/dτ)dτ = 1, it will it also give the Green's function, G(τ) = dN/dτ, for the problem. Here, we show the fitting results for τ 0 = 5,
where p ≃ −1.28, q ≃ 0.105, r ≃ 7.26, and the term with the delta function accounts for the unscattered photons. We see that it provides an excellent fit to the Monte Carlo results, see Fig. 2 . The actual distribution for τ 0 = 5 is significantly flatter than that corresponding to the results for τ 0 ≫ 1. In particular, equation (1) yields q ≃ 0.123 (and q = π 2 /3τ 2 0 ≃ 0.132 if the summation over the Poissonian distribution is neglected).
If the intrinsic source variability is S (τ), the observed light curve, F(τ), is a convolution, The Fourier transform of F(τ), F , is then the product of the individual transforms, i.e.,
where φ = f R/τ 0 c is the dimensionless frequency in the Thomson units. If the original signal is sinusoidal, its amplitude is reduced by |G(φ)|. (We note that we need to transform the full Green's function, including the unscattered part, rather than to add e −τ 0 to the absolute value of the transform of the scattered photons, which was done by Kylafis & Phinney 1989.) In general, damping due to scattering of an intrinsic variability can be calculated either using the convolution of the light curves, equation (3), or by integrating the resulting power spectrum, equation (4). The intrinsic power spectrum at φ is damped by |G(φ)| 2 , which quantity is shown in Fig. 3 . We note that our Monte Carlo results show that the Fourier transform obtained by Kylafis & Phinney (1989) , which is based on the results of Lightman et al. (1981) , becomes accurate only at τ 0 > ∼ 20. Based on our Monte Carlo results, we have found that the characteristic dimensionless frequency, φ c , which we define as that at which scattering reduces |G(φ)| 2 by a factor of 3, is φ c ≃ 1/(2τ 2 0 ), implying a characteristic dimensional frequency of f c ≃ c/(2Rτ 0 ). The characteristic frequency is 4 times lower than that obtained using the inverse of the (commonly used) average number of scattering in a sphere with a central source, τ 2 0 /2 (e.g., Sunyaev & Titarchuk 1980) . Thus, our quantitative calculations demonstrate that Compton scattering is significantly more effective in damping variability than commonly assumed, affecting frequencies ∼ 4 times lower than thought before. This is due to the relatively broad distribution of the number of photons per ln τ (τdN/dτ).
We then compare our results with the observed power spectra of Cyg X-3. We have computed them for the hard-state RXTE observations used for the average hard-state spectrum 1 of SZM08, and the resulting average spectrum is shown in Fig. 4 . We see the cutoff frequency of f c ≃ 1 Hz. Using our results above, we can then deduce the size of the scattering cloud as For f c ∼ 1 Hz and τ 0 = 5, R ∼ 3×10 9 cm, which is ≪ the separation between the components in Cyg X-3, a ≃ 3 × 10 11 (M/30M ⊙ ) 1/3 , where M is the sum of the masses of the two stars.
Thus, the scattering cloud cannot be due to the stellar wind. A likely origin of the cloud appears collision of the gravitationally focused stellar wind with the outer edge of an accretion disc. The resulting cloud or bulge will be axially asymmetric with respect to the compact object (as required by the observed orbital modulation of X-rays). The presence of such a bulge was recently found in the high-mass black-hole binary Cyg X-1 (Poutanen, Zdziarski & Ibragimov 2008) . In Cyg X-1, it is Thomson thin. However, the orbital separation in Cyg X-3 is about 10 times lower than that in Cyg X-1, as well as the mass accretion rate is at least 10 times higher (e.g., SZ08). Thus, the bulge in Cyg X-3 can easily have τ 0 ∼ 5 and engulf the X-ray source. Also, accretion discs formed by fast stellar wind generally have outer radii much smaller than their Roche lobes, and the radius of R ∼ 3 × 10 9 cm is entirely plausible.
THERMAL EQUILIBRIUM OF THE SCATTERING CLOUD
An important consequence of the derived relatively small size of the scattering cloud is that its cooling by the companion star will be ineffective. The stellar luminosity is L * ≃ (1-30) × 10 38 erg s (see, e.g., a discussion in SZ08). Given R/a ≃ 10 −2 , the cloud receives only ∼ 10 −4 L * , which is ≪ L X ∼ 10 38 regardless of the exact value of L * . Thus, the scattering cloud will assume the equilibrium (Compton) temperature in the field of the X-ray source and the surrounding accretion disc. We consider such models below.
We thus allow a free kT 0 imposing the condition that the unabsorbed flux entering the cloud approximately equals that emitted by it. We found the equilibrium temperature of T 0 ≃ 3 keV. For it, the optical depth required by the form of the observed X-ray spectrum is somewhat higher than in the models above, τ 0 ≃ 6.5. We present the model reproducing the average spectrum 1 in Fig. 5 .
The obtained temperature of the hot Comptonizing plasma is now kT h = 30 keV. Generally, kT h decreases, usually in the range of kT h ∼ 50-100 keV, with the increasing luminosity within the hard state, e.g., Wardziński et al. (2002) . In order to see if this range can be extended, we analyzed the RXTE data (the observation ID 70109-01-04-00) for a very luminous hard state of the black-hole candidate GX 339-4, with the bolometric accretion luminosity of L X ≃ 2.4 × 10 38 erg s −1 at the assumed distance of 8 kpc ), and we have found kT h ≃ 30 keV at the best fit. The estimated L X in the hard state of Cyg X-3 is also L X ∼ 2 × 10 38 erg s −1 (Hjalmarsdotter et al. 2008 ). Thus, kT h ≃ 30 keV in Cyg X-3 is in agreement with that in GX 339-4 at the same L X .
We then calculated the temporal Green's function for τ 0 = 6.5 (which is almost the same for any kT 0 ≤ 3 keV). We have found p ≃ −1.75, q ≃ 0.068, and r ≃ 10.74. Its transform, |G(φ)| 2 , is show in Fig. 3 . We then fitted it to the observed power spectrum at high frequencies (assuming the intrinsic power ∝ f −1 ), as shown in Fig.  4 . The fit implies R ≃ 2.3 × 10 9 cm, slightly smaller than that found in Section 3. The characteristic ionization parameter of the cloud is ξ ∼ L X /(n e R 2 ) ∼ 10 4 erg cm s −1 , which implies that the cloud will indeed be fully ionized, including Fe. At the obtained rather high equilibrium kT 0 ≃ 3 keV, the plasma will also be strongly collisionally ionized. The observed Fe K line and edge are formed mostly outside the cloud, in the stellar wind (e.g., SZ08).
CONCLUSIONS
We have considered the X-ray spectra of Cyg X-3 in its hard spectral state. The observed spectra show a cutoff/break at an unusually low energy. This can be explained if a standard X-ray source is surrounded by a Thomson-thick cold plasma, which downscatters the intrinsic X-ray spectrum. The presence of such a plasma was earlier postulated to explain the energy-independent X-ray orbital modulation and the lack of high frequencies in the power spectra.
We use a Monte Carlo code to account for the effect of Compton scattering in the cold plasma on both spectra and variability. For the latter, we obtain Green's functions and their Fourier transforms. Our results show that Compton scattering affects the power spectra at a frequency ∼ 4 times lower than that obtained from considering the average number of scattering in the cloud.
Finally, we consider thermal equilibrium of the cloud in the field of the incident photons. The obtained model has the cloud temperature of kT 0 ≃ 3 keV, the optical depth of τ 0 ≃ 6.5, and the cloud size of R ≃ 2 × 10 9 cm. The model reproduces both the X-ray spectrum and the power spectrum in the hard state.
